The dependence of the structural anisotropy of Fe-Si-B-Nb-Cu alloy on the applied stress during annealing has been studied by transmission x-ray diffraction. After crystallizing under stress, the Fe-Si nanocrystals show anisotropy in the lattice spacing of the ͑620͒ planes. Their elongations are proportional to the applied stress and show a linear correlation with the magnetic anisotropy energy, K u . These results indicate that K u originates from a magnetoelastic effect due to an elastic elongation of the Fe-Si phase constrained by the surrounding amorphous phase. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1901807͔
Fe-Si-B-Nb-Cu nanocrystalline soft magnetic materials, which are produced by crystallizing melt-spun amorphous ribbons, show soft magnetic properties with a high relative permeability ͑Ͼ100 000͒ and a high saturation magnetization ͑Ͼ1.0 T͒. 1, 2 In addition, the permeability can be tailored to a specific purpose by inducing a magnetic anisotropy through annealing in a magnetic field 2, 3 or under a stress. [4] [5] [6] [7] The anisotropy energy, K u , induced by the latter method, can exceed 5000 J / m 3 , a level which is much larger than that induced by annealing in a magnetic field. [2] [3] [4] [5] [6] [7] Because direct observations of the structural anisotropy are lacking, the origin of the stress-induced anisotropy is still under discussion. The following two models have been proposed: ͑1͒ a magnetoelastic effect due to the residual stress proposed by Herzer, 5 and ͑2͒ a directional diatomic ordering proposed by Hofmann and Kronmüller. 6 Varga et al. supported the first model, based on the relation among K u the hardnesses, and the magnetostrictions of a crystalline phase in different Febased nanocrystalline alloys. 8 In contrast, Lachowicz et al. supported the second model because of the temperature dependence of the anisotropy. 9 The present authors recently found an indication of structural anisotropy in Fe 73.5 Si 15.5 B 7 Nb 3 Cu 1 alloy using transmission x-ray diffraction ͑XRD͒. 10 The spacing of the planes of the Fe-Si phase annealed under 200 MPa was elongated in the direction parallel to the tensile stress. Although this result suggested that the stress-induced magnetic anisotropy should be attributed to the magnetoelastic effect, further studies are necessary to establish it. Therefore, to shed light on the origin of the magnetic anisotropy, we have investigated its relationship to the structural anisotropy. This, in turn, demands an understanding of the dependence of the structural anisotropy on the applied tensile stress and its persistence after removal of that stress.
Melt-spun amorphous ribbons with a composition of Fe 73.5 Si 15.5 B 7 Nb 3 Cu 1 were heated to 550°C at a heating rate of 17.8°C / min, maintained at that temperature for 20 min in an infrared furnace, and then naturally cooled to 100°C. As a result of heat treatment, the Fe-Si D0 3 phase ͑the ordered phase of bcc Fe-Si͒ is formed in the amorphous phase. A tensile stress was applied to the ribbons during the entire annealing process. The details of the stress annealing process are described elsewhere. 7 A total of six tensile stresses were loaded: their average values, calculated from the initial sample dimensions, were 10, 100, 200, 300, 400, and 500 MPa. During the stress annealing, the ribbons were deformed. Using the final dimensions of the ribbon samples, the corresponding average tensile stresses were estimated to be 10, 103, 213, 334, 461, and 621 MPa, respectively. Hereafter, we use the latter values. Some of the samples were reheated to 550°C for a certain period of time without applying tensile stress. This reheating causes a relaxation in the magnetic anisotropy of 1-15%.
XRD profiles of these samples were measured in the transmission mode. A monochromated Mo-K␣ line was aligned to the ribbon with an angle between the incident beam and the normal direction to the sample surface. A transmitted beam with an angle 2 from the incident beam was detected. 10 Consequently, the diffraction vector was fixed to a certain direction in the ribbon plane. We measured the XRD profiles with the diffraction vector parallel to the rolling direction of the ribbon ͑RD, parallel to the tensile stress͒, then rotated the sample 90°and measured the profiles, whose diffraction vector was perpendicular to the RD. To achieve the best compromise between obtaining a stronger intensity ͑favored at lower angles͒ as against a larger shift in 2 for a certain length unit ͑favored at higher angles͒, the peak at about 47°, corresponding to the ͑620͒ plane of the ordered Fe-Si phase, was selected for these measurements. All the XRD patterns and sample lengths were measured at room temperature after unloading the tensile stress. . Increasing the tensile stress induces a large anisotropy of the spacing of the ͑620͒ plane. As we previously reported, 10 selected area electron-diffraction ͑SAED͒ patterns of the sample annealed under tensile stress are isotropic, indicating an absence of texture. Therefore, the shift of the peak indicates that the elongation occurs in the direction parallel to the tensile stress. In contrast, a peak shift to a higher angle indicates compression along the perpendicular direction. , and are indicated on the right vertical axis. The small elongation values of less than 1% observed here were not detected in previous SAED studies. The almost linear relationships seen between the average stress and strains in both perpendicular and parallel to the RD indicate that the observed strains are due to elastic deformations. The Poisson ratio is about 0.37, a level which is a little higher than the typical value for isotropic porycrystalline metals, 0.3-0.33. However, because the deviation from isotropic behavior is small, we assume that the deformations determined from the ͑620͒ planes are representative of all the D0 3 planes along the two directions and, for simplicity, treat the material as isotropic in the following analysis.
When an elastic deformation is induced in the magnetic materials, the anisotropy energy K u can be written as K u =−3/2 s Ee // ͑ s : saturation magnetostriction, E: elastic modulus͒. 11 Therefore, the origin of the magnetic anisotropy can be discussed by plotting K u as a function of e // . As illustrated in Fig. 3 , the result is a perfectly linear relation; evidently, the origin of K u is a magnetoelastic effect. The gradient of the fitted line is 1.15ϫ 10 6 J/m 3 , i.e., s E = −0.77 ϫ 10 6 J/m 3 , a value which agrees reasonably well with the value expected from the Young's modulus ͑ϳ200 GPa͒ ͑Ref. 12͒ and the s ͑ϳ−5 ϫ 10 −6 ͒ ͑Ref. 5͒ for polycrystalline Fe-17 at. % Si alloys ͑ s E ϳ −1.0ϫ 10 6 J/m 3 ͒. When the samples were reheated to 550°C, a relaxation of the magnetic and structural anisotropies occurred. Figure  4 shows the XRD profiles for the ribbons annealed under 461 MPa with, and without reheating. The magnetic anisotropy energy decreases about 17% from that of the stressannealed ribbons. After the relaxation annealing, the peak with a diffraction vector parallel to the RD shifts to a higher angle, indicating a lessening of the elongation. As indicated by the triangles in Fig. 3, all which show the random orientation and isotropic shape of the Fe-Si phase, 4, 6, 10 it can be concluded that the magnetic anisotropy under different stresses is attributable to the magnetoelastic effects of the Fe-Si crystalline phase.
In contrast, the above results do not make clear the reason why the structural anisotropy remains after unloading the tensile stress. Figure 5 shows the elongation along the RD of Fe-Si crystals obtained above ͑e // ͒ and that of the ribbons ͑e // ribbon ͒ which are determined from the length change of the ribbons as a function of the average tensile stress. Judging from the linear relation of Fig. 2 and isotropic shape of the Fe-Si grains, 4,6,10 the evidence indicates that no plastic deformation occurs in the crystalline phase. Therefore, the difference between e // ribbon and e // can be attributed to plastic deformation or viscous flow of the remaining amorphous phase at 550°C. Since this difference in elongation is already prominent in the ribbon annealed under 103 MPa, the yield stress of the amorphous phase must be lower than 100 MPa. Assuming a yield stress of 50 MPa and a Young's modulus of 80-160 GPa at 550°C ͑the Young's modulus of the Fe-Si-B-Nb-Cu amorphous alloy is 161 GPa at room temperature 13 ͒, the elastic elongation of the amorphous phase is in the range 0.03-0.06 % at 550°C. Therefore, the recovery of the elongation of the Fe-Si phase by more than 0.06% is constrained by the surrounding amorphous phase. Consequently, the elongation of the Fe-Si phase is quenched, even in the stress-free condition.
The elongations of the Fe-Si phase obtained here are about two times larger than the expected value from the Young's modulus of Fe-Si at room temperature and the average tensile stress. This discrepancy can be explained by the low Young's modulus of the Fe-Si phase at 550°C, compared to its value at room temperature. In addition, the stress loaded to the Fe-Si phase is higher than the average stress because the remaining amorphous phase is already located in the plastic region.
The contribution of the amorphous phase to the magnetic anisotropy can be roughly evaluated by the equation K u total where f Fe-Si , is the volume fraction of the Fe-Si crystalline phase, and Fe-Si , AM , are the residual stress of the Fe-Si and amorphous phases, respectively. 5 Because the amorphous phase has a positive magnetostriction, s AM ͑+10-20 ϫ 10 −6 ͒, 5 it can add a certain increment to K u total when under a compressive stress. However, the residual stress of the amorphous phase is complicated, because the stress applied to the amorphous phase is induced by the embedded Fe-Si crystalline phase. The amorphous region adjacent to the crystalline phase in the direction perpendicular to the RD is under a compressive stress, while the amorphous part, adjacent to the crystalline phase in the parallel direction to the RD, may be under a tensile stress field. Therefore, the total contribution of the amorphous phase is probably small.
To summarize our study of the structural origin of the stress-induced magnetic anisotropy in Fe 73.5 Si 15.5 B 7 Nb 3 Cu 1 alloy by transmission XRD, we have found that the elastic elongation of the Fe-Si phase ͑e // ͒ is quenched in the ribbon. Because the magnetic anisotropy energy K u is proportional to e // , we have determined that the origin of K u lies in the magnetoelastic effects. The reason for the persistence of e // is the large difference in the elastic limit of the amorphous phase between the annealing and room temperatures. 
